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Nanotubes have been pursued aggressively over the last three decades. Significant progress has been
made in the selective growth and post-synthetic sorting of highly monodisperse carbon nanotubes, in
understanding their physics, and in assembling and integrating them into high-performance devices.
These discoveries have led to promising applications in areas such as high-performance CMOS, high-
speed RF, thin-film transistors, flexible electronics, thermoelectrics, sensors, and optoelectronics. The
rapid development of modern information technology depends on the exploitation of new and novel
materials, and nanotubes have emerged as promising candidates for the post Moore's Law era. This
Special Topic on Physics and Applications of Nanotubes provides a valuable forum where researchers

studying the fundamentals of nanotubes can share their most recent and novel findings.
. Introduction

Nanotubes have been pursued aggressively over the last three decades since the commemorative

paper! by Sumio Iijima in 1991. Especially, single-walled carbon nanotubes (SWCNTs) with the
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diverse optical and electronic properties (metallic or semiconducting) depending on chiral indices (r,
m) have been the remarkable material for the challenge in synthesis, basic physics of one-dimensional
material, optoelectronics devices such as field-effect transistors (FET) during 1990s2. During the
2000s, larger-scale synthesis, separation of metallic and semiconducting, one-dimensional excitonic
features are developed®. Later 2010s, chirality selective growth, practical application design of FET,
practical application of transparent conductive film for solar cells are proposed®. The diverse growth
of the field was backed up by continuous progress in the physics of one-dimensional materials and
optical spectroscopies such as Raman spectroscopy’. Selective growth and post-synthetic sorting of
highly monodisperse carbon nanotubes, led to promising applications in areas such as high-
performance CMOS®’, high-speed RF, thin-film transistors, flexible electronics, thermoelectric,

8. The rapid development of modern information

sensors, optoelectronics, and photovoltaics
technology depends on the exploitation of new and novel materials, and nanotubes have emerged as
promising candidates for the post Moore's Law era. On the other hand, in response to the social needs
of carbon neutrality, carbon nanotubes are playing important role in energy harvesting devices such as
solar cells® and thermoelectrics’.

The Special Topic “Physics and Applications of Nanotubes” in Journal of Applied Physics provides

a valuable forum where researchers studying the fundamentals of nanotubes can share their most

recent and novel findings for the rapid progress in the next decade.

Il. Synthesis and Preparation
A. CVD growth and sorting of nanotubes

In the chemical vapor deposition (CVD) growth of carbon nanotubes (CNTs), the control of catalytic
metal nanoparticles and chemical reaction pathways are a central research topic for decades. Present
interests focus on chirality-specific growth!® and the in situ studies for the growth mechanism. In
general, supported catalyst CVD is preferred for chirality-specified and aligned growth, and floated
catalyst CVD is preferred for mass production. For the floated catalyst CVD, first principles
nonequilibrium molecular dynamics (MD) simulations are employed for the discussion of the
decomposition of ferrocene, Fe metal formation, and carbon chain formation processes'!. Optimized
bimetallic catalysts are employed for chirality selective growth!® and efficient mass production'? of
nanotubes.

DNA-wrapping, polymer-wrapping, density gradient ultracentrifugation (DGU), gel
chromatography, and aqueous two-phase (ATP) techniques have been developed for sorting
SWCNTs!. The focus of sorting shifts from the separation of semiconducting and metallic nanotubes
to those of the chiralities and enantiomers. ATP sorted single chirality SWCNTs can be directly placed

on the pre-patterned electrode by dielectrophoresis'®.
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B. DWCNT, heteronanotubes, and modified SWCNTs

The controlled modulation of nanotube properties can be possible either by employing the inner
space of the SWCNTs to encapsulate various materials or by externally wrapping the SWCNT
template with additional atomic layers'®. For the latter case, concentric growth of BNNT and/or MoS»
nanotubes on SWCNT are proposed'®. The possibility of bulk synthesis and dispersion of
SWCNT@BNNT, where @ denotes inner@outer, is demonstrated'”. All these inner/outer
modifications can be defined as one-dimensional (1D) van der Waals (vdW) heterostructure based on
SWCNT®.

Double-walled carbon nanotubes (DWCNT) are a good example of a 1D vdW structure based on
SWCNTs. DWCNTs exhibit new possibilities after the inner- and outer-wall sorting of metallic and
semiconducting'® as M@M, M@S, S@M, S@S. In practice, unsorted DWCNT film is demonstrated
as an active electrode in an electro-optical modulator for the mid-infrared and terahertz regions'® based
on the concept that the vast majority of nanotubes in a DWCNT have at least a wall with the
semiconducting character and that doping of large diameter outer tube with smaller bandgap requires
a lower applied potential.

Linear carbon chains (LCCs) formed inside the carbon nanotubes by high-temperature annealing in
vacuum or inert gas is an example of inner space modification of nanotubes. Vacuum condition is
preferred for high yield?® formation of LCCs. The inner hollow core of a nanotube can accommodate
many kinds of molecules'>, such as fullerene, water, dye, DNA, etc. Dye-encapsulated SWCNTs
(dye@SWCNT) can work as unique and efficient photocatalysts for H» evolution reaction?!.
Orientation or stacking of molecules inside a nanotube can be predicted by newly developed functional
Lennard-Jones potential®2.

Chemical modification of carbon nanotube by defects (oxygen or sp® carbon) has been intensively
studied because of dramatic modification of photoluminescence with the localized exciton state at the
defect site®. Electroluminescence from such defects or organic color-centers is demonstrated>*.
Tuning of spin-orbit coupling by introducing a heavy atom in the defect was examined by density

functional theory (DFT)%.

C. Assembled material of nanotubes

A film or a fiber of SWCNTs or composite are expected in various commercial applications?. The
film can be prepared by dry deposition from floated catalyst CVD, spun from vertically aligned
nanotubes, or filtration of suspended nanotubes. Especially, a film by the dry deposition is attracting
attention for the transparent conductive electrode. Densification and/or doping of film or fibers are the
typical way to manipulate the electronic, optical, thermal, and mechanical properties. Modeling by
mesoscopic distinct element method of bundle network and experimental optical properties are

compared for densification process?’. Another large-scale dynamics mesoscopic model is employed
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for the mechanical properties of a film with covalent cross-links®®. On the other hand, the dependence
of the electrical conductivity on the volume of the nanotube filler was discussed by the theory of
continuum percolation?’. The in-plane electromagnetic response and the exciton—plasmon interactions
for parallel aligned semiconducting CNT arrays embedded in an ultrathin finite-thickness dielectric

were theoretically predicted for the modification of optical properties’.

[ll. Characterization
A. Optical spectroscopy and optical characterization

Because of their unique one-dimensionality combined with structure-related electronic and optical
properties, SWCNTs exhibit rich physics in optical spectroscopy. The typical spectroscopy such as
absorption/Rayleigh scattering, photoluminescence spectroscopy, and resonance Raman
spectroscopy”, has been developed for probing and modulating excitonic features of SWCNTs*!*32, To
probe the unique features of individual SWCNTs, air-suspended, solution dispersed, or individually
immobilized SWCNTs are employed. Temperature-dependent photoluminescence of suspended
SWCNTs is employed to examine the structure of the water adsorption layer®>. Single-molecule
spectroscopy can probe individual sodium-dodecyl-sulfate (SDS) wrapped SWCNT on a polymer-
coated substrate. Photoluminescence brightening by chemical reductant dithiothreitol (DTT) exhibits
unexpected uniform brightening along a tube**. The diffusion trajectory of individual SWCNTs in a
solution can be used to estimate the length distribution of nanotubes®>. An alternative way is
demonstrated with polyvinyl acetate (PVAc)-based SWCNT-polymer films for optical and far-infrared
spectroscopy in cryogenic temperatures®. The optical absorption and circular dichroism (CD) spectra
for doped SWCNTs as functions of the Fermi energy are predicted. The calculated CD values for the
doped nanotubes are much larger than the CD for the undoped one because of the enhancement of the

surface plasmon and the phase shift effect®’.

B. Advanced characterizations

It is a challenging task to quantify intrinsic mechanical properties such as Young’s modulus, tensile
strength, and strain to failure of individual CNTs. Transverse loading is a common setup where the
deflection curve can be measured to analyze the strain-stress relation. Assessments are proposed based
on fully nonlinear, extensible Kirchhoff rod theory®®. To increase the nominal tensile strength and
Young’s modulus of MWCNTs, carbon nanofibers (CNFs) are fabricated by epitaxial growth on
MWCNTs*. Related to heat conduction of SWCNT, localization of high-energy optical phonon by
13C isotope are predicted®’. Fast diffusion of gas molecules within CNTs predicted by MD simulations

are examined in statistical self-diffusion of highly rarefied and only specular particle-wall reflections*.

IV. Devices and Applications
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A. Field effect transistors

The fabrication of logic integrated circuits (ICs) beyond Si or Ge has been the most expected and
the most challenging application of CNTs for these 2 decades. It requires high-density arrays of
exclusively semiconducting species. To fulfill the requirements for digital ICs*?, significant progress

6,43-45 4

has been made in the chirality sorting in nanotube dispersions and the subsequent assembly
well as the selective removal of metallic species from aligned nanotubes grown on crystalline
substrates*S.

Methods to dope the CNTs need to be developed to achieve low parasitic resistance of the transistor.
The doping mechanism of MoOx on the CNT is proposed as bandgap modulation by charge transfer,
which occurs due to the difference in work function between MoOy and the CNT*’. A clean and curved
DWCNT structure with a definite curvature radius was employed to demonstrate that the curved
structure will limit the on/off ratio by orders of magnitude but can maintain a high on-current*:.

Single CNT FET configuration is indispensable for sensitive biosensors. By decorating the CNT

surface with a peptide tag, a highly sensitive biosensor for protein analysis can be possible*.

B. Solar cells

CNTs are promising materials to be incorporated into thin-film solar cells owing to a wide range of
properties ranging from conductors to semiconductors with different bandgaps based on their atomic
structure. Films of SWCNTs or DWCNTSs exhibit high transparency and conductivity. SWCNTs have
already been exploited as electrodes in many electronic devices, replacing both brittle oxide
transparent electrodes, for example, indium-doped tin oxide (ITO) and fluorine-doped tin oxide (FTO),
and expensive metal electrodes®®. CNT film has been employed in CNT-Si heterojunction solar cells
as transparent-conductive hole transport layer® >, Recently, CNT as hole selective back contact of Si
solar cells proves the industrial level power conversion efficiency®!. For an organic thin-film or metal-
halide perovskite solar cells, CNT film is promising transparent hole-transport electrodes® 3% 5!,
Doping of CNT has been a critical and controversial issue for all those solar cells. For example, the
doping mechanism of CNT-Si heterojunction solar cells is still being explored because of the interplay
with the surface reaction on Si substrate®.

The most expected model solar cells with CNTs are semi-conducting SWCNT-fullerene
heterojunction solar cells>*. The exciton dissociation at the donor (s-SWCNT)—acceptor (fullerene)
interface drives solar energy conversion. The time-dependent tight-binding density-functional theory
(TB-DFT) combined with nonadiabatic MD can demonstrate photo-induced electron transfer and

photo-induced hole transfer processes>*.

C. Thermoelectric devices

Thermoelectric power generation, allowing recovery of part of the energy wasted as heat, is
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emerging as an important component of renewable energy and energy efficiency requirements. There
are focused studies on thermoelectric of SWCNT because very large Seebeck coefficients are expected
for the 1D density of states (DOS) of SWCNTs>. However, the high thermal conductivity of SWCNT
which is a direct disadvantage in the figure of merit of thermoelectric and requirements of chirality
selected semiconducting SWCNT and adequate doping have decelerated the research activities.
Recently, the thermoelectric application is intensively revisited with chirality sorted SWCNTs, doping
technique, and the possible reduction of phonon transport of semiconducting SWCNT film> 336,
Electric double-layer capacitor structure with ionic liquid can be used as p-type and n-type pair with
the controlled carrier density by gate voltage®’. A very high power factor is predicted for fluorine-
doped SWCNTSs, which have a semiconducting nature by doping armchair SWCNT with fluorine’®.
Low-cost CNTs with lower thermal conductivity from oil fly ash are tested as thermoelectric material®.
V. CONCLUSIONS
The “Physics and Applications of Nanotubes” Special Topic in Journal of Applied Physics is a good
landmark as the 30th anniversary of carbon nanotube research. The preparation of materials has been
advanced but still, we have new challenges for chirality pure materials, sp> functionalized nanotubes,
van der Waals hetero-nanotubes, etc. Carbon nanotubes are now a commodity in some applications.
At the same time, emerging technologies in the era of information and global energy challenge are just

in front of us.

ACKNOWLEDGMENTS
We would like to thank the staff and editors of the Journal of Applied Physics, as well as to the invited
and contributing authors who made the Special Topic collection of “Physics and Applications of

Nanotubes.”

REFERENCES

'S. Iijima, Helical microtubules of graphitic carbon, Nature 354, 56 (1991).

2 R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physical Properties of Carbon Nanotubes, Imperial
College Press, London (1998).

3 A. Jorio, G. Dresselhaus, and M. S. Dresselhaus (Ed.), Carbon Nanotubes, Advanced Topics in the
Synthesis, Structure, Properties and Applications, Springer (2008).

Y. Li and S. Maruyama (Ed.), Single-Walled Carbon Nanotubes: Preparation, Property and
Application, Topics in Current Chemistry Collections, Springer (2019).

3> A. Jorio and R. Saito, Raman spectroscopy for carbon nanotube applications, J. Appl. Phys. 129,
021102 (2021).

® L. Liu, J. Han, L. Xu, J. Zhou, C. Zhao, S. Ding, H. Shi, M. Xiao, L. Ding, Z. Ma, C. Jin, Z. Zhang,



AlP

Publishing

and L.-M. Peng, Aligned, high-density semiconducting carbon nanotube arrays for high-
performance electronics, Science 368, 850 (2020).

7S. M. Foradori, K. R. Jinkins, and M. S. Arnold, Link among array non-uniformity, threshold voltage,
and subthreshold swing degradation in aligned array carbon nanotube field effect transistors, J.
Appl. Phys. 128, 234301 (2020).

8 S. N. Habisreutinger and J. L. Blackburn, Carbon nanotubes in high-performance perovskite
photovoltaics and other emerging optoelectronic applications, J. Appl. Phys. 129, 010903 (2021).

%]J. L. Blackburn, A. J. Ferguson, C. Cho, and J. C. Grunlan, Carbon-Nanotube-Based Thermoelectric
Materials and Devices, Adv. Mater., 30, 1704386 (2018).

1 F Yang, M. Wang, D. Zhang, J. Yang, M. Zheng, and Y. Li, Chirality Pure Carbon Nanotubes:
Growth, Sorting, and Characterization, Chem. Rev. 120, 2693 (2020).

' B. McLean, E. 1. Kauppinen, and A. J. Page, Initial competing chemical pathways during floating
catalyst chemical vapor deposition carbon nanotube growth, J. Appl. Phys. 129, 044302 (2021).

12 A. Gercek, G. Gokeeli, R. Yavuz, and N. Karatepe, Effect of bimetallic Co:Mo/MgO catalyst on the
growth efficiency of single-walled carbon nanotubes, J. Appl. Phys. 128, 225103 (2020).

13 M. Zheng, Sorting Carbon Nanotubes, Top. Curr. Chem. (Z) 375, 13 (2017).

4 X. Xu, Z. Mukadam, G. Amoroso, M. Freeley, and M. Palma, Directed assembly of multiplexed
single chirality carbon nanotube devices, J. Appl. Phys. 129, 024305 (2021).

155, Cambré, M. Liu, D. Levshov, K. Otsuka, S. Maruyama, and R. Xiang, Nanotube-based one-
dimensional heterostructures coupled by van der Waals forces, Small 17, 2102585 (2021).

16 R, Xiang, T. Inoue, Y. Zheng, A. Kumamoto, Y. Qian, Y. Sato, M. Liu, D. Tang, D. Gokhale, J.
Guo, K. Hisama, S. Yotsumoto, T. Ogamoto, H. Arai, Y. Kobayashi, H. Zhang, B. Hou, A.
Anissimov, M. Maruyama, Y. Miyata, S. Okada, S. Chiashi, Y. Li, J. Kong, E. I. Kauppinen, Y.
Ikuhara, K. Suenaga, S. Maruyama, One-dimensional van der Waals heterostructures, Science 367,
537 (2020).

7Y, Feng, H. Li, B. Hou, H. Kataura, T. Inoue, S. Chiashi, R. Xiang, and S. Maruyama, Zeolite-
supported synthesis, solution dispersion, and optical characterizations of single-walled carbon
nanotubes wrapped by boron nitride nanotubes, J. Appl. Phys. 129, 015101 (2021).

8 H, Li, G. Gordeev, S. Wasserroth, V. S. K. Chakravadhanula, S. K. C. Neelakandhan, F.
Hennrich, A. Jorio, S. Reich, R. Krupke, and B. S. Flavel, Inner-and outer-wall sorting of double-
walled carbon nanotubes, Nat. Nanotechnol. 12, 1176 (2017).

19 P. Gagnon, F. Lapointe, P. Desjardins, and R. Martel, Double-walled carbon nanotube film as the
active electrode in an electro-optical modulator for the mid-infrared and terahertz regions, J. Appl.
Phys. 128, 233103 (2020).

20X, Li, Y. Zhang, Y. Wu, and L. Shi, Pressure-tailored synthesis of confined linear carbon chains, J.

Appl. Phys. 129, 064302 (2021).



Publishing

AlP

21 T. Tajima, M. Yamagami, R. Sagawa, H. Miyake, and Y. Takaguchi, Dye-sensitized H, evolution
from water facilitated by photoinduced electron transfer between molecules on the inside and the
outside of a carbon nanotube, J. Appl. Phys. 129, 014303 (2021).

22 K. Stevens, N. Thamwattana, and T. Tran-Duc, New functional Lennard-Jones parameters for
heterogeneous molecules, J. Appl. Phys. 128, 204301 (2020).

23 T. Shiraki, Y. Miyauchi, K. Matsuda, and N. Nakashima, Carbon Nanotube Photoluminescence
Modulation by Local Chemical and Supramolecular Chemical Functionalization, Acc. Chem. Res.
53, 1846 (2020).

24 B. Xu, X. Wu, M. Kim, P. Wang, and Y. Wang, Electroluminescence from 4-nitroaryl organic color
centers in semiconducting single-wall carbon nanotubes, J. Appl. Phys. 129, 044305 (2021).

25 K. J. Trerayapiwat, S. Lohmann, X. Ma, and S. Sharifzadeh, Tuning spin—orbit coupling in (6,5)
single-walled carbon nanotube doped with sp? defects, J. Appl. Phys. 129, 014309 (2021).

26R. Rao, C. L. Pint, A. E. Islam, R. S. Weatherup, S. Hofmann, E. Meshot, F. Wu, C. Zhou, N. T. Dee,
P. B. Amama, W. Shi, D. Plata, J. Carpena, E. S. Penev, B. 1. Yakobson, P. B. Balbuena, C. Bichara,
D. Futaba, S. Noda, H. Shin, K. S. Kim, B. Simard, F. Mirri, M. Pasquali, F. Fornasiero, E. 1.
Kauppinen, M. S. Arnold, B. A. Cola, P. Nikolaev, S. Arepalli, H.-M. Cheng, D. Zakharov, E. A.
Stach, F. Wei, M. Terrones, D. B. Geohegan, B. Maruyama, S. Maruyama, J. Zhang, Y. Li, W. W.
Adams, A. J. Hart, Carbon Nanotubes and Related Nanomaterials: Critical Advances and
Challenges for Synthesis towards Mainstream Commercial Applications, ACS Nano 12, 11756
(2018).

27 G. Drozdov, 1. Ostanin, H. Xu, Y. Wang, T. Dumitricd, A. Grebenko, A. P. Tsapenko, Y. Gladush, G.
Ermolaev, V. S. Volkov, S. Eibl, U. Riide, and A. G. Nasibulin, Densification of single-walled
carbon nanotube films: Mesoscopic distinct element method simulations and experimental
validation, J. Appl. Phys. 128, 184701 (2020).

28 A. H. Banna, K. W. Kayang, and A. N. Volkov, Effects of the nanotube length and network
morphology on the deformation mechanisms and mechanical properties of cross-linked carbon
nanotube films editors-pick, J. Appl. Phys. 129, 105101 (2021).

2 1. Balberg, The physical fundamentals of the electrical conductivity in nanotube-based composites,
J. Appl. Phys. 128, 204304 (2020).

30 C. M. Adhikari and 1. V. Bondarev, Controlled exciton—plasmon coupling in a mixture of ultrathin
periodically aligned single-wall carbon nanotube arrays, J. Appl. Phys. 129, 015301 (2021).

31 R B. Weisman and J. Kono (Ed.), Handbook of Carbon Nanomaterials, Optical Properties of Carbon
Nanotubes, Part I & Part 1I: A Volume Dedicated to the Memory of Professor Mildred S
Dresselhaus, World Scientific Series on Carbon Nanoscience, World Scientific (2019).

32 K. Liu, Y. K. Kato, and S. Maruyama, Optical spectroscopy of individual single-walled carbon
nanotubes, Prog. Nanophotonics VI, Springer, 135-163 (2021).



Publishing

AlP

33Y. Saito, Y. Tanaka, G. Yamaguchi, T. Kato, S. Konabe, S. Chiashi, and Y. Homma, Temperature
dependence of photoluminescence spectra from a suspended single-walled carbon nanotube with
water adsorption layer, J. Appl. Phys. 129, 014301 (2021).

3% Z. Hou, T. M. Tumiel, and T. D. Krauss, Spatially resolved photoluminescence brightening in
individual single-walled carbon nanotubes, J. Appl. Phys. 129, 014305 (2021).

35 A. Lee and L. Cognet, Length measurement of single-walled carbon nanotubes from translational
diffusion and intensity fluctuations, J. Appl. Phys. 128, 224301 (2020).

36 H. V. Wladkowski, J. Duarte, S. R. Nandyala, J. S. Walker, S. Kattel, J. L. Blackburn, J. A. Fagan,
Jon M. Pikal, and W. D. Rice, Polyvinyl acetate-based polymer host for optical and far-infrared
spectroscopy of individualized nanoparticles, J. Appl. Phys. 129, 034701 (2021).

37R. Saito, M. S. Ukhtary, S. Wang, and Y. Iwasaki, Circular dichroism of doped carbon nanotubes, J.
Appl. Phys. 128, 164301 (2020).

3% 3. Wang and Z. Xu, On the elastic rod models for mechanical tests of one-dimensional
nanostructures under transverse loads, J. Appl. Phys. 128, 164303 (2020).

3%'W. Zhao, Y. Zhang, X. Wang, H. Lu, G. Liu, J. Wei, Z. Shan, P. Liu, K. Jiang, and S. Fan, Carbon-
nanotube-templated carbon nanofibers with improved mechanical performance, J. Appl. Phys. 129,
044303 (2021).

40 M. S. Islam, A. H. Howlader, K. N. Anindya, R. Zheng, J. Park, and A. Hashimoto, Phonon
localization in single wall carbon nanotube: Combined effect of 1*C isotope and vacancies, J. Appl.
Phys. 128, 045108 (2020).

“I'D. A. Barlow and F. E. Colson, Theoretical study of fast diffusion in carbon nanotubes, J. Appl.
Phys. 128, 184302 (2020)

42 A. D. Franklin, The road to carbon nanotube transistors, Nature 498, 443 (2013).

43 G. J. Brady, A. J. Way, N. S. Safron, H. T. Evensen, P. Gopalan, and M. S. Arnold, Quasi-ballistic
carbon nanotube array transistors with current density exceeding Si and GaAs, Sci. Adv. 2,
€1601240 (2016).

4 @G. Hills, C. Lau, A. Wright, S. Fuller, M. D. Bishop, T. Srimani, P. Kanhaiya, R. Ho, A. Amer, Y.
Stein, D. Murphy, Arvind, A. Chandrakasan, and M. M. Shulaker, Modern microprocessor built
from complementary carbon nanotube transistors, Nature 572, 595 (2019).

45 C. Qiu, F. Liu, L. Xu, B. Deng, M. Xiao, I. Si, L. Lin, Z. Zhang, J. Wang, H. Guo, H. Peng, and L.-
M. Peng, Dirac-source field-effect transistors as energy-efficient, high-performance electronic
switches, Science 361, 387 (2018).

4 M. M. Shulaker, G. Hills, R. S. Park, R. T. Howe, K. Saraswat, H.-S. P. Wong, and S. Mitra,
Threedimensional integration of nanotechnologies for computing and data storage on a single chip,
Nature 547, 74 (2017).

47R. S. Park, H. Jin K. Kim, G. Pitner, C. Neumann, S. Mitra, and H.-S. P. Wong, Molybdenum oxide



Publishing

AlP

on carbon nanotube: Doping stability and correlation with work function, J. Appl. Phys. 128,
045111 (2020).

4 7. Zhu, N. Wei, J. Gao, Y. Jiang, L. Peng, and F. Wei, The effect of localized strain on the electrical
characteristics of curved carbon nanotubes, J. Appl. Phys. 129, 025107 (2021).

4 L. Jorde, Z. Li, A. Péppelwerth, J. Piehler, C. You, and C. Meyer, Biofunctionalization of carbon
nanotubes for reversible site-specific protein immobilization, J. Appl. Phys. 129, 094302 (2021).

071, Jeon, R. Xiang, A. Shawky, Y. Matsuo, and S. Maruyama, Single-Walled Carbon Nanotubes in
Emerging Solar Cells: Synthesis and Electrode Applications, Adv. Energy Mater. 9, 1801312
(2019).

SI'L. Wieland, H. Li, C. Rust, J. Chen, and B. S. Flavel, Carbon Nanotubes for Photovoltaics: From
Lab to Industry, Adv. Energy Mater. 11, 2002880 (2021).

52.S. Freddi, A. Casotto, G. Drera, A. Tognazzi, T. Freddi, S. Pagliara, F. D. Nicola, P. Castrucci, and
L. Sangaletti, Surface and interface effects on the current—voltage characteristic curves of
multiwall carbon nanotube-Si hybrid junctions selectively probed through exposure to HF vapors
and ppm-NOo, J. Appl. Phys. 129, 055306 (2021).

53 J. L. Blackburn, Semiconducting Single-Walled Carbon Nanotubes in Solar Energy Harvesting,
ACS Energy Lett. 2, 1598 (2017).

54 R. Sarkar, M. Habib, S. Pal, and O. V. Prezhdo, Tuning charge transfer and recombination in
exTTF/CNT nanohybrids by choice of chalcogen: A time-domain density functional analysis, J.
Appl. Phys. 129, 025501 (2021).

53 L. D. Hicks and M. S. Dresselhaus, Thermoelectric figure of merit of a one-dimensional conductor,
Phys. Rev. B 47, 16631 (1993).

56 A. D. Avery, B. H. Zhou, J. Lee, E.-S. Lee, E. M. Miller, R. Thly, D. Wesenberg, K. S. Mistry, S. L.
Guillot, B. L. Zink, Y.-H. Kim, J. L. Blackburn, A. J. Ferguson, Tailored Semiconducting Carbon
Nanotube Networks with Enhanced Thermoelectric Properties, Nat. Energy 1, 16033 (2016).

7T. Fujii, Demonstration of a thermoelectric device using electric double-layer gating: Simultaneous
control of the thermoelectric properties of p-type and n-type carbon nanotubes, J. Appl. Phys. 129,
045101 (2021).

8 D. Sakyi-Arthur, S. Y. Mensah, N. G. Mensah, K. W. Adu, K. A. Dompreh, and R. Edziah, Tunable
power factor in fluorine-doped single-walled carbon nanotubes, J. Appl. Phys. 128, 244301 (2020).

59 N. Salah, N. A. Alhebshi, Y. N. Salah, H. N. Alshareef, and K. Koumoto, Thermoelectric properties
of oil fly ash-derived carbon nanotubes coated with polypyrrole, J. Appl. Phys. 128,235104 (2020).



